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ABSTRACT 
Concentrations of main and microelements and humic substances were determined in 456 subsurface water samples in the Great Hungarian 
Plain (central part of the Pannonian Basin). The lack of correlation between arsenic and other chemical components in the bulk of the 
samples, and the geographical and depth distributions of arsenic suggest that processes influencing the arsenic content should be studied in 
separate water f low systems. It was established that in the different parts of the groundwater flow line different factors play a role in 
controlling the arsenic content of waters. In the discharge regions of the water f low systems humic substances are the main controlling 
factors of mobilization of arsenic. In the recharge area association of arsenic and iron indicates adsorption or co-precipitation of arsenic on 
ferric oxides and hydroxides. 
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INTRODUCTION 
Certain elements have a great importance in the diet of 
humans and animals, because they are essential to the health 
of organisms. Toxicity of high concentrations of these and 
other elements has also been recognized. For the last 
decades, the attention has been directed towards the possible 
relationship between the As content in drinking water and 
food, and the health of humans and animals (Xu and 
Thornton 1985, Adriano 1986, Varsányi et al. 1991). 
Standards have been established in many countries for a 
maximum allowable As level. In Hungary it is 10 mg dm"3 
for the drinking water. 
Many authors have reported the distribution of arsenic in 
the porewater of lacustrine sediments (Farmer and Lovell 
1986), in estuarine (Belzile 1988, Belzile and Tessier 1990), 
geothermal (Stauffer and Thompson 1984) coastal and 
ground water (Bottomley 1984). The amount of As dissolved 
in water is attributed to geochemical processes, like 
dissolution-precipitation, oxidation-reduction, adsorption, 
and biologically mediated reactions (Welch et al. 1988, 
Ferguson and Gavis 1972). The mobility of As in surface and 
ground waters is closely tied to the behavior of iron. During 
the weathering of As-containing minerals As enters the 
surficial cycle mainly as soluble arsenate in which As is 
present in pentavalent state. This form is quite mobile, 
however, it coexists and coprecipitates with ferric oxide 
(Wilson and Hawkins 1978). In a reducing environment As 
is released. The latter is attributed to modification of redox 
conditions, i.e. pyrite formation and degradation of organic 
matter (Belzile 1988, Peterson and Carpenter 1986). 
In certain regions of Hungary the arsenic content of 
groundwater is higher than the acceptable limit for drinking 
water. About half a million consumers are affected by 
drinking water containing arsenic above the health limit. 
Investigations have been carried out to outline the prevalence 
of arsenic in groundwater and to establish the geological 
and/or geochemical processes controlling its mobility 
(Csanádi et al. 1985, Csalagovits 1999, Erdélyi 1991), 
however, the exact mechanism of its mobilization is not yet 
known. The aim of the present work is to determine the main 
factors influencing the amount of As dissolved in the 
subsurface water in the central part of the Pannonian Basin. 
GEOLOGICAL BACKGROUND 
The study region, located in the southeastern part of 
Hungary, represents the central part of the Pannonian Basin 
(Fig. 1). Its geological evolution is summarized in Varsányi 
et al. (1997), therefore only a short description is given here. 
The Pannonian Basin, having a Paleozoic-Mesozoic 
basement, is filled with Neogene-Quaternaiy sediments. The 
initial formation of deep basins and uplifted highs was 
related to Early Miocene tectonics. In the Late Miocene to 
Pliocene, thermal subsidence over the entire region was 
accompanied by rapid sedimentation leading to a complete 
filling-up by the end of Pliocene. The Late Pliocene and 
Pleistocene tectonic events seem to follow SW-NE tectonic 
Fig. 1. Location of the study area. 
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The frequency distribution of the arsenic concentration is 
bimodal indicating at least two main factors controlling the 
arsenic content of groundwater (Fig. 2). The most frequent 
arsenic concentrations are between 0.2 and 0.4 nmolT1, and 
between 1.2 and 1.4 nmolT1; and there are samples with 
higher arsenic contents up to 4.53 (jmol l"1. In several regions 
and depth intervals arsenic seems to be concentrated in the 
water. Three groups of waters were separated and locations 
of these groups were studied. The separation was performed 
on the basis of the frequency distribution: the two maximums 
indicate two populations, and the outstanding As values 
compose a third group. The groups are as follows: the first 
one contains arsenic below 1.0 (amolT1, the second one 
between 1.0 and 1.8. (imolT1, and the third one above 1.8 
(jmoi r1. Fig. 3 indicates the location of the groups. 
lines developed during the Miocene. The subsidence and 
uplift occurred at different rates over the Pannonian Basin 
(Horváth et al. 1988, Juhász et al. 2002) which resulted in a 
strongly variable thickness of the sedimentary cover ranging 
from several hundred to several thousand meters. In the 
Miocene, 1000-3000 m of marine sediments were covered 
by 1000-3000 m of lake sediments. The Lower to Middle 
Miocene pre-Pannonian sediments formed in a marine to 
brackish environment. The Late Miocene Pannonian was 
characterized by lake deposits, followed by Pontian 
lacustrine and deltaic sedimentations. The Pliocene is 
characterized by interbedded lacustrine and fluvial 
sediments (Rónai 1985). In the Pontian and Pliocene, 
repeated subsidence caused cyclic features of sediments 
(Molnár 1973) and diachronous commencement of fluvial 
sedimentation. The latter started already at the end of 
Pliocene in the Duna-Tisza Interfluve and South Tisza 
region, while in the Körös Basin the lacustrine-marshy 
sedimentation prevailed until the Early Pleistocene, and 
only later was it replaced by a fluvial one. As a result, the 
overall thickness of the fluvial sediments varies from 100 to 
700 m, often having a cyclic character (Rónai 1983). After 
the Pleistocene, eolian sedimentation deposited windblown 
sand and loess over the region. 
R E S U L T S AND DISCUSSION 
Subsurface water samples from wells of 30-2500 m depth 
were collected and analyzed. Major and minor chemical 
components: Na+, Ca2+, Mg2+, K+, total Fe, total Mn, Sr2+, 
Li+, Ba2+, alkalinity, CI", S042", P043" and humic substances, 
were determined. The wellhead sampling, sample 
preservation procedures, and methods of analysis are 
described in Varsányi et al. (1997). 
The arsenic concentration varies from practically 0 to 4.53 
HmolT1 with a mean value of 0.68 (imolT1. Spatial 
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Fig. 2. Frequency distribution of As. Fig 4. Depth dependence of As. 
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The highest concentrations were measured in the 
northeastern part of the studied area. In that region there are 
the greatest number of wells with high arsenic contents. The 
depth dependence of concentration is shown in Fig. 4. In 
general, the concentration is decreasing with depth. The 
western and eastern parts of the study area are different: in 
the western part enrichment of arsenic was found mostly in 
the upper 200 m, in the eastern region in the upper 500 m. The 
distribution is in connection with the surface elevation (Fig. 5). 
Water samples with the highest arsenic concentrations are 
located in the lowest regions indicating that the arsenic content 
of water is influenced by hydrogeological factors, as well. 
Although many authors emphasize the "importance of iron 
and organic matter in controlling the mobility of arsenic, in the 
studied 456 water samples no correlation " has been found 
between arsenic and iron, or organic matter. To reveal the 
effect of organic matter on the concentration of dissolved 
arsenic, chemical oxygen demand (COD) and dissolved humic 
substances were considered. The pattern of geographical 
distribution of arsenic and the lack of general relationship 
between arsenic and other chemical components in the 
samples suggest the need of splitting the whole study area into 
sub-regions. 
Earlier, based on chemical and isotope data, a 
hydrogeological model had been established (Varsányi et al. 
1999, Varsányi et al. 2000). This model separates water bodies 
with different water flow directions and velocities from the 
surface down to about 2500 m (Fig. 6). The term 'water flow 
system' is used for a homogeneous water body in which the 
concentrations of the main chemical components are 
controlled by similar factors all over the water body. Seven 
water bodies were distinguished in the studied area (Fig. 6). 
Two of them, two water flow systems, are located in the 
Pleistocene layers, one in the Duna-Tisza Interfluve and South 
Tisza region, and another in the River Maros alluvial fan. 
Recharge and discharge areas of these flow systems are 
considered separately in this study. Another water flow system 
is in the Pleistocene and Pliocene layers of the Duna-Tisza 
Interfluve and South Tisza region. Two sub-regions of the 
studied area represent the discharge parts of water flow 
systems, one bringing up waters from deep layers in the South 
Tisza region, and the other facing upward in the Pleistocene 
layers in the Körös Basin. There are two deep water bodies, 
one with an unknown flow direction in the Pontian layers of 
the Duna-Tisza Interfluve and South Tisza region, and the 
other at the Pannonian-Pontian boundary, where water from 
the Pontian is mixing with upward seeping deep Pannonian 
waters. In the Körös Basin this deep water flows from the 
Pannonian-Pontian boundary up to the Pliocene layers. 
The water samples were separated according to these 
water flow systems. In Pleistocene flow system of the Duna-
Tisza Interfluve and South Tisza region the average arsenic 
concentration in the recharge area is 0.60 pmolT1, in the 
discharge area 0.62 pmolT1. In the southern part of the 
recharge area arsenic concentrations are elevated, the average 
is 1.17 pmolT1. In the River Maros alluvial fan the average 
in the recharge area is 0.49 pmolT1, while in the discharge 
area it is 1.32 pmolT1. In the Pliocene and Pleistocene flow 
systems of the Duna-Tisza Interfluve and South Tisza region 
the mean value is 0.48 pmolT1, whereas, in the adjoining 
discharge area 0.17 pmolT1. The water samples from 
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Fig. 7. As vs. dissolved humic substances in the discharge areas. 
Pleistocene layers of thé Körös Basin contain 0.90 ^molT1 
of As as an average. The water in the Pontian layers is the 
most depleted in arsenic, the mean value is 0.09 junoM"1. 
The deepest studied zone, the Pannonian-Pontian boundary, 
has 0.47 pmolT1 on average. These differences are caused 
by different availability of arsenic in the sediments and by 
different processes mobilizing it. 
The processes controlling the mobilization of arsenic may 
be revealed by comparing arsenic data with other chemical 
components. In the discharge areas of the water flow systems 
(except one), an association was observed between arsenic 
and dissolved humic substances (Fig. 7). High concentrations 
of humic substances cause high arsenic concentrations 
in groundwater with no accompanying high iron level. 
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Fig. 6. Separation of water flow systems. 
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Fig. 9. As vs. Fe with ratios of As to Fe. 
In the discharge areas the grain size of the sediments is much 
finer than in the recharge areas, and the high COD values 
indicate a higher organic matter content. It is supposed that 
during the transformation of insoluble sediment organic 
matter, arsenic associated with it is released together with 
soluble humic substances formed during the organic decay. 
The depth dependence of arsenic and humic substances is 
similar: there are two depth intervals with high arsenic and 
humic concentrations; one is the upper 500 m, the other is 
around 2000 m. In the discharge areas of water flow systems, 
organic matter seems to be more important than iron in 
controlling the arsenic concentration. 
Many authors established the central role of iron in the 
mobility of arsenic, although quantitative models linking 
dissolved As and Fe are supported mainly by laboratory 
experiments. In the study area, no general correlation 
between arsenic and iron was found in the subsurface water; 
however, connection was established between them in the 
recharge area of the water flow system of the Duna-Tisza 
Interfluve and South Tisza region (Fig. 8). In the southern 
part of this recharge area several samples contain elevated 
arsenic values the additional source for which was not 
identified in the present work. In the deeper, Pliocene and 
Pontian layers, waters contain less arsenic than in the 
overlying Pleistocene layers. In the deepest zone (at the 
Pannonian-Pontian boundary) and in the Pontian layers in the 
Körös area arsenic is in inverse relationship with P043": 1.0 
pmolT1 increase in the P043"concentration corresponds to 
approximately the same decrease in the arsenic content. 
It was found that factors controlling the mobility of 
arsenic change with the ratio of dissolved arsenic to 
dissolved iron. Fig. 9 indicates that the ratio of As to Fe 
varies in a very wide range: from less then 1% to more then 
100%. In those water samples where an association of 
arsenic and iron was established, the ratio is lower then 1:10. 
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Fig. 10. Location of the factors controlling the arsenic 
concentration. 
arsenic and phosphate. Where the arsenic concentration 
depends on the humic substances the ratio is not relevant. 
Geographical distribution of the factors controlling the 
arsenic concentration is shown in Fig. 10. Correlation 
between arsenic and iron is characteristic of the recharge area 
in the Duna-Tisza Interfluve, while correlation between 
arsenic and humic substances of the discharge areas: the 
South Tisza region and the Körös Basin. 
C O N C L U S I O N S 
The arsenic content is not uniform throughout the study 
area, indicating that diverse factors control its concentration 
in subsurface water. In most of the samples the arsenic 
content is above detection limit. It means a general 
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availability of arsenic in the sediments; however, the amount 
may be different in certain regions and depth intervals. 
According to the hydrogeochemical model, the water samples 
can reasonably be grouped. These groups correspond to 
separate water flow systems. In the different flow systems 
different controlling factors play a dominant role. In the 
recharge area the adsorption or co-precipitation model is 
consistent with the correlation of arsenic and iron. In the 
discharge areas, transformation of sediment organic matter and 
dissolution of humic substances are the principal sources of 
arsenic. In the deepest zone where waters are depleted in 
arsenic, an association of arsenic with phosphorous was found. 
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